INTRODUCTION
Selective laser melting (SLM) is a highly suitable technology for the fabrication of complex objects with fine structures in one working cycle. Selective laser melting is sometimes called 'direct metal 3D printing' [1] . It emphasises the simplicity and elegance of the idea of adding powder material during the manufacturing process. In fact, selective laser melting of powders is a very complex and costly process. SLM is a multi-disciplinary technology based on optics, laser physics, heat and mass transfer, metallurgy, mechanics, and other fields of science. Laser-powder-substrate interactions, heat conduction and convection processes, and fluid flow and evaporation make this process extremely difficult to control and analyse. The SLM part -with the desired geometry -is created by solidifying track-by-track and layer-by-layer. The properties of parts produced by this technology depend on the geometrical characteristics of each single track, the morphology of each layer, and the cohesion of tracks and layers. Changing only one process parameter or powder property (for example, particle size distribution or chemical composition) may cause porosity or cracks in the 3D object. Since temperature gradient and heat transfer determine the microstructure and final mechanical properties of the SLM part, studies of temperature distribution during SLM are of primary importance.
Titanium alloys have grown in popularity in the manufacturing industry in recent years, mainly due to their unique properties such as high strength, low density, corrosion resistance, high operating temperatures, and biocompatibility. Ti6Al4V alloy is known as the most commonly-used α-β titanium alloy. The microstructure and mechanical properties of as-built SLM parts depend on material properties, process parameters, scanning strategy, and even part geometry. Most of the work with titanium alloys is devoted to the study of the properties of SLM objects retrieved as a whole, without an analysis of single tracks [2] [3] [4] [5] . The effect of laser power and scanning speed on the morphology of single tracks from loose titanium powder was studied by Kyogoku et al. [6] . Continuous tracks were formed at laser power 30-40 W with spot size 170 µm at scanning speed 0.005-0.01 m/s. The width of the track was about 450 μm at an energy density of 10-40 J/mm 2 . It should be noted that melting of powder material preplaced to the substrate will dramatically change the geometrical characteristics of the tracks, due to the changing thermo-physical conditions of the joint melting of powder and substrate. A variation in process parameters causes change in the geometry and shape of single tracks. The study of single tracks and maximal temperature can help to avoid porosity in 3D objects. It also allows for the selection of an optimal manufacturing strategy for fully dense objects or lattice structures [7] . Analysis of temperature fields at different process parameters creates opportunities to build parts with the desired properties using SLM.
The aims of this work were i) to study the shape and geometrical characteristics of SLM single tracks manufactured with different laser power densities and scanning speeds on the Ti6Al4V substrate; ii) to simulate temperature distribution and compare it with experimental values of maximal temperature; iii) to analyse the peculiarities of SLM of Ti6Al4V alloy at low and high laser powers and scanning speeds; and iv) to select optimal process-parameters for SLM of Ti6Al4V powder. To estimate the temperature fields during SLM, numerical simulations were conducted. In order to obtain accurate results, the density of the mesh in the region around the irradiation, and on the top region of the sample (100 µm), was higher than in the sample as a whole, with the minimal mesh size at 0.1 µm. The laser beam with Gaussian profile scanned along the X-axis at the surface of the solid sample. The evolution of the temperature due to heat conduction was:
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T is the temperature; t is the time; ρ is the density of material; c p is the specific heat capacity; k is the thermal conductivity; P is the laser power; R is the surface reflectivity of material for given wavelength; A z is the coefficient of absorption; r 0 is the characteristic radius of the laser beam; x,y,z are dimensional values; and V is the laser scanning speed. Equation (1) takes into consideration only the effect of conduction into the solid [8] .
Numerical simulation of single tracks during SLM of Ti6Al4V was conducted by Song et al. . Temperature-dependent thermal conductivity and specific heat capacity were introduced for 293-923 K. The calculated maximal temperature on the surface of Ti6Al4V was about 6,500°C. The maximum temperature of molten Ti6Al4V substrate versus irradiation time and laser power was experimentally measured by Yadroitsev et al. [10] . At 20-50 W laser power, 70 µm spot diameter, and scanning speed 0.1-0.3 m/s (5.2-13.0 kW/mm 2 ), the maximum temperature did not exceed 3,000 K.
For the present study, all the properties of the material were temperature-dependent [11] [12] [13] . To validate the model, the actual experimental parameters were used as input for the simulation. Effective thermal conductivity of the liquid metal was introduced, and was multiplied by a factor of 1.5-3, taking into account heat transfer due to flows. Apart from the top surface, all other boundaries were assumed to be thermally insulated. The heat flux on the top surface simulates convective cooling. Heat loss due to convection is expressed by:
where T 0 = 293 K is the initial temperature, and h c = 10 W/(m 2 K) is the convection coefficient.
RESULTS AND DISCUSSION

Laser melting of bulk material
Laser welding is closest to the SLM process in physics, and has been studied more. According to Rońda and Siwek [14] , laser welding can take place via two routes: -the conduction or keyhole modes -depending on the power density of the laser beam (P/πr 0 2 ). At low power density, heat transport follows the conduction mode. With high power density -i.e. high laser power and small spot size -the keyhole mode can develop. The Gaussian laser beam has spatial intensity distribution, and the resulting temperature fields are not uniform across the molten pool. The temperature is highest at the centre and lowest at the edges of the molten pool. The surface tension gradient -due to the high temperature gradient on the surface -can set up a recirculating flow within the molten pool, and this thermocapillary convection changes the physics of the process [15] . Because of the recirculating flow, the pool shape changes. The difference is found to be quite significant: an increase of up to 1.5 times in the width/depth ratio compared with pure conduction. It was found that an increase in the Marangoni number, which depends on temperature gradient, increases the aspect ratio. Marangoni flow, density gradients, and thermal expansion of the material have an influence on the shape of the molten pool. With the increase of laser power, the temperature gradient is more pronounced, causing a higher Marangoni flow and waves in the liquid. After rapid solidification, the resulting track has deformations. Kou et al. [16] have shown that the oscillatory Marangoni flow in the weld pool can provoke pool-surface deformation, pool-surface oscillation, and ripple formation.
Laser power density, as a ratio of the laser power to laser spot size, and time of irradiation (i.e. scanning speed) play a significant role in the geometry and shape of the molten pool. Laser power density defines the temperature gradient, and the scanning speed determines the time of laser-matter interaction (t) ). Thus, in laser melting with high power density, fluid flows and convection strongly affect the shape and geometry of the resulting track. The hydrodynamics of the melt pool are complicated by different regimes of laser scanning [18] . Geometrical characteristics, the volume of the molten pool, and the temperature gradient can cause instability of the molten pool. Rippling and humping were determined by the formation of a capillary wave on the free liquid surface. Under surface tension, the pressure differences created at the curve interface support deformation of the interface. High temperature provoked a decrease in viscosity; therefore the hydrodynamics of the melt pool became more pronounced at a higher temperature. Wei [19] has indicated the following mechanisms of instability of the melt pool: difference in velocities between gas and liquid; density gradients; Rayleigh capillary instability due to capillary pressure difference; solute super saturation; surface tension gradient (Marangoni effect); evaporation pressure difference; the occurrence of hydraulic jump if the pressure gradient becomes increasingly adverse as the flow proceeds downstream; laser polarisations; gravitational-electromagnetic instability; and interactions between gravitational and electromagnetic forces. For SLM,the most important are Rayleigh capillary and thermocapillary instabilities and evaporation.
Numerical simulations have shown that the geometrical size of the molten pool changes with scanning speed: the length of the melt pool becomes longer and shallower ( Figure 3) . The 150-170 W laser power isotherms had an elongated pointed form as ripples on the top surface of experimental tracks.
Laser melting of powder
The geometrical characteristics of the tracks produced from powder depend strongly on the volume of material involved in the process (Figure 4 ). At high scanning speeds the track width remained nearly constant, approaching the size of the laser beam diameter. For 45 µm powder layer variability in the track width was higher due to irregularities in the powder layer delivered on the substrate (Figure 4a ). Track height is primarily determined by the thickness of the deposited powder layer and its apparent density. For stable tracks at 15 µm layer thickness the heights of tracks were about 5-10 µm, and for 30 µm it was 10-18 µm; for 45 µm it was 12-32 µm. At 170 W laser power, the height of the tracks was lower than ones produced by 150 W laser power, but the width of the tracks produced by 170 W was slightly greater (Figure 4b) . Inhomogeneity of the deposited layer and melt hydrodynamics made the height of the tracks vary greatly. At low scanning speeds, a 'keyhole' shape of the molten pool and deep penetration into the substrate were observed. At 170 W re-melted depth was higher for all scanning ranges, and the difference in the depth for 15 and 30 µm layers was less pronounced (Figure 4c ). For 45 µm layer thickness it varied strongly with scanning speed. The re-melted depth is one of the decisive factors for manufacturing SLM objects with mechanical properties, such as wrought materials, so layer thickness may be critical for good layer cohesion. High input energy for high laser power and slow scanning speeds leads to evaporation and a deep molten pool. Remelting each laser pass about 160 µm in depth (more than 15 layers, if shrinkage during powder melting is taken into account) as it passes at 150 W laser power for 30 µm powder layer and 0.6 m/s scanning speed, is very unproductive and costly. Keyhole mode and evaporation also can provoke porosity (Figure 4d ). For 45 µm powder layer, a balling effect starts at scanning speeds above 1.4 m/s. Therefore, a range of scanning speeds (∆V opt ) 0.8-1.2 m/s is optimal for 15-45 µm powder layer and laser power 150-170 W. Yadroitsev et al. [20] have shown that penetration into the substrate can provide an additional stabilising effect for the manufacturing of continuous single tracks, because the segmental cylinder is more stable than the free circular one. It was suggested that the range of the optimal scanning speed (∆V opt ) will be larger for higher laser power. For metallic powder processing with 20-50 W laser power and 50 µm powder layer, the optimal range for scanning speeds was about ∆V opt =0.1 m/s. Using 150-170 W, the optimal range of scanning speeds expanded to ∆V opt =0.4 m/s for powder layer thickness 15-45 µm.
Laser power density is one of the main parameters in selective laser melting. The conductive mode of SLM at low power density cannot generate keyhole, only irregular tracks at low scanning speeds or balling-effect at high scanning speeds. Rescanning of the sintered layer can help to avoid porosity in 3D SLM objects produced at low power densities. Using high laser density provokes keyhole at low scanning speeds. Also, a balling effect is observed for high laser power density and high scanning speed. Rescanning may not help to eliminate the porosity, because gas bubbles can be locked in very deep layers in the keyhole mode. Elaboration of adequate power and speed for rescanning is quite difficult in this case. For high laser density, the humping effect and ripples in the tracks form a layer with complex morphology. When the next layer of the powder is deposited on the previous very rough synthesized layer, non-homogeneity leads to different thermophysical conditions of the scanning. The newly-synthesised tracks will have different geometric characteristics, and their superposition will form a single layer with a different morphology from the previous layer.
Laser power density is the ratio of laser power to the laser spot area. Increasing the laser spot size can stabilize the SLM process up to the conductive mode. But there is another subtle point. Since the width of the laser spot size determines the width of the track (spot diameter can be up to several millimetres for lasers with high power), it is clear that using a high power laser in SLM can produce only near-shape objects or only solid core parts without thin walls or complex fine structures. But the application of high-power lasers with a big spot size increases the builfd rate of SLM. Thus, selective laser melting due to nonlinear behaviour laser beam-powder/substrate material is always a compromise between productivity and accuracy.
CONCLUSION
The geometrical characteristics of SLM single tracks manufactured at different laser power densities and scanning speeds on the Ti6Al4V substrate were studied. laser melting of Ti6Al4V alloy at low and high laser power densities has some peculiarities. Using high power laser density allows an increased scanning speed and powder layer thickness, which is positive for the affectivity and productivity of this additive manufacturing technology. From the other hand, high power laser density can lead to very deep penetration and evaporation of the material, or to the production of a shallow and long molten bath, which results in the instability of the molten pool and a balling effect. Keyhole pores, or pores provoked by the balling effect, will degrade the quality of the SLM object. During the selection of the optimal scanning strategy and process parameters (laser power density, scanning speed, hatch distance, and thickness of powder layer), not only the width, height and re-melted depth of the tracks, but also the morphology of the tracks has to be considered.
To manufacture regular and continuous single tracks, each power density has its own range of optimal scanning speeds at different powder layer thicknesses. Studying how these tracks form layers using different scanning strategies, and how to produce overhanging parts and parts with inclination angles and lattice structures, is the real task. Dynamically changed process parameters during manufacture can be used to sinter different parts of complex objects, not just for the contouring procedure of the whole SLM object. Thus the optimal process parameters for 3D SLM objects with the desired characteristics have to be chosen, taking into consideration the peculiarities of this technology. Temperature fields defining thermal cycling, microstructure, and the properties of the final 3D objects are the subject of much contemporary research in the field of SLM.
